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Newcastle disease (ND), caused by ND virus (NDV), is one of the most serious illnesses of birds, particularly chickens, and has been one of
the major causes of economic losses in the poultry industry. Live vaccines are widely used to prevent chicken from NDVall over the world. Given
the implications that recombination has for RNAvirus evolution, it is clearly important to determine the extent to which recombination plays a role
in NDV evolution. In this study, we performed the phylogenetic and recombination analysis on complete NDV genomes. A natural multi-
recombinant cockatoo/Indonesia/14698/90 (AY562985) was identified. Its two minor parental-like strains might be from the NDV vaccine lineage
and anhinga/U.S.(Fl)/44083/93 lineage, respectively. Our study suggests that recombination plays a role in NDV evolution. Especially, the study
also suggests that live vaccines have capacity to play roles in shaping NDV evolution by homologous recombination with circulating virus.
© 2007 Elsevier Inc. All rights reserved.Keywords: Homologous recombination; Vaccine; Newcastle disease virus; EvolutionIntroduction
Newcastle disease (ND), caused by ND virus (NDV), is one
of the most serious illnesses of birds, particularly chickens, and
has been one of the major causes of economic losses in the
poultry industry (Alexander, 1988). NDV belongs to the Avu-
lavirus genus within the Paramyxoviridae family in the order
Mononegavirales which includes avian paramyxovirus type 1
(APMV-1) (de Leeuw and Peeters, 1999; Murphy et al., 1995).
At present, there are many commercial live and inactivated oil
adjuvant vaccines (IOAV) which are very effective as
immunization antigens (Bennejean et al., 1978). The live
vaccines are produced from lentogenic and mesogenic virus
strains (Lancaster, 1981). Live lentogenic strains F, Hitchner
B1, Australia V4 and La Sota and mesogenic virus strains
Mukteswar and Komarov are commercially available and
widely used all over the world (McFerran et al., 1968; McFerran
and Nelson, 1971; Waterson et al., 1967). In the United States
alone, close to 9 billion birds are vaccinated annually by spray or⁎ Corresponding author.
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doi:10.1016/j.virol.2007.09.038drinking water with live lentogenic vaccine strains (Veits et al.,
2006). These vaccines are thought as safe and effective and
recently taken as a potential vector to develop novel bi- or
multivalent vaccine (Bukreyev et al., 2006; Ge et al., 2007; Park
et al., 2006; Veits et al., 2006). However, the influence on NDV
evolution resulted from wide vaccine coverage is unknown until
now.
The virus is a single-stranded, unsegmented negative-sense
RNA virus. Its genome length is approximately 15 kb in size
and comprises of six genes, which encode the nucleocapsid
protein (NP), phosphoprotein (P), matrix protein (M), fusion
protein (F), hemagglutinin-neuraminidase (HN) and large
polymerase protein (L) (Krishnamurthy and Samal, 1998; de
Leeuw and Peeters, 1999). Typical RNA viruses such as NDV
are composed of complex and dynamic mutant genome
distributions known as quasi-species (Krishnamurthy and
Samal, 1998). The genetic change of the virus has been
reported as one of the reasons why NDV virulence changes
(Gould et al., 2001). Homologous recombination also plays an
important role involved in evolution of positive strand RNA
viruses (Kirkegaard and Baltimore, 1986; Lai, 1992; Nagy and
Simon, 1997). For negative strand RNA virus, the frequency of
recombination is low (Chare et al., 2003). And there is evidence
Fig. 1. Results from SimPlot analysis of cockatoo/Indonesia/14698/90 are shown. The y-axis gives the percentage of identity within a sliding window of 500 bp wide
centered on the position plotted, with a step size between plots of 20 bp. Comparison of NDV strain cockatoo/Indonesia/14698/90 with all strains listed in Table 1 is shown.
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some ambisense arenaviruses (Archer and Rico-Hesse, 2002;
Charrel et al., 2001), hantaviruses (Klempa et al., 2003; Sibold
et al., 1999; Sironen et al., 2001). For NDV, although a mosaic
NP and a mosaic HN were found in previous study (Chare et al.,
2003), to our knowledge, the natural homologous recombina-
tion was not reported on the level of complete genome.
On the basis of complete genome information, we report a
natural NDV multi-recombinant descended from three putative
parents at least. One of putative parents might be from vaccineFig. 2. (A). Standard similarity plot (constructed using all sites) of the first 1/3 genome, wi
identified by maximization of χ2 and small sample Akaike Information Criterion as descri
the vertical lines. Informative sites and their bifurcating trees are shown in each crossover b
the percentage of permutated trees using a sliding window of 200 bp wide centered on th
outgroup to determine the breakpoints. The rest is the same as panel A. The name of anlineage. The fact that several recombination events happen in
the same NDV strain suggests that the frequency of NDV might
not be very low. Especially, the study also suggests that NDV
vaccines can play an important role in shaping the evolution of
the virus.
Results
We performed genome-wide comparisons of available NDV
full-length genome sequences in order to determine the viralth awindow size of 200 bp and a step size of 20 bp. Vertical lines indicate breakpoints
bed inMethods. The χ2 value andP value of each breakpoint are shown near (or on)
lock. The rest is the same as Fig. 1. (B). The result of Bootscanning. The y-axis gives
e position plotted, with a step size between plots of 20 bp. DE-R49/99 is used as the
hinga/U.S.(Fl)/44083/93 is abbreviated into 44083/93 in all analysis.
Fig. 3. Neighbor-jointing phylogenies inferred for the 6 regions delimited by the breakpoints. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) is shown next to the branches (only N70% is shown). The tree is drawn to scale, with branch lengths in the same units as
those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Maximum Composite Likelihood model as
described in Methods, and are in the units of the number of base substitutions per site. Codon positions included were 1st+2nd+3rd+Noncoding. All positions
containing gaps and missing data were eliminated from the data set (Complete deletion option). Phylogenetic analyses were conducted in MEGA4. The putative
mosaic is indicated with ▴.
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and to identify potential breakpoints for any such events. A
natural recombinant cockatoo/Indonesia/14698/90 (AY562985)
descended from three putative parents was identified and three
crossovers were found at least.
NDV complete genome sequences deposited in the
GenBank were collected and aligned. A probable mosaic
was found when similarity of these sequences was analyzed
using cockatoo/Indonesia/14698/90 as a query (Fig. 1). We
further analyzed the first 1/3 of the NDV genome alignment
since several probable crossovers are located in the region. A
standard similarity plot, constructed using all sites, reveals that
the genome of the probable mosaic exhibits the greatest
affinity with one putative parent lineage of Anhinga/U.S.(Fl)/
44083/93 in the region from 628 to 1078 compared with other
region (Figs. 2A and B). And the mosaic shares the highest
sequence similarity with another lineage of AQI-ND026 from
1078 to 1966. However, in other region, the strain NA-1 from
the lineage of China shares the highest sequence similarity
with the mosaic. These results show that cockatoo/Indonesia/
14698/90 might be a multi-recombinant descended from three
parents. The similarity comparison also shows that the lineages
of Anhinga/U.S.(Fl)/44083/93 and AQI-ND026 can act as the
two different putative minor parents because they share very
high sequence similarity with cockatoo/Indonesia/14698/90
(Figs. 2A and B) in the several crossover regions. It seems that
the major parent of the mosaic is missing. Combining
phylogenetic tree of L gene (6703 bp) (data not shown) with
sequence similarity, NA-1 was used for further recombination
analysis.
After putative parents were identified, Anhinga/U.S.(Fl)/
44083/93, AQI-ND026, NA-1 and the putative mosaic were
analyzed to identify probable breakpoints. Employing the
Findsites subprogram of Simplot, potential breakpoints were
located at five parsimonious regions with the maximization of
χ2, from position 628 to 630, from position 1033 to 1090, from
position 1965 to 1968, from position 3124 to 3140 and from
3330 to 3354. P value and χ2 value of each breakpoint were
shown on the vertical line (Fig. 2A). Using small sample Akaike
Information Criterion, 12 breakpoints were found in the region.
Points 628, 1078, 3125 and 3345 overlapped the corresponding
breakpoints above described. And Point 1920 was also near the
position 1965. Other points should be redundant since the
phylogenies of regions were not incongruent at either side
breakpoint (data not shown). Therefore, we propose that three
recombination events have taken place in the genome of
cockatoo/Indonesia/14698/90.
The most compelling evolutionary evidence for recombina-
tion is the occurrence of incongruent phylogenetic trees (Nelson
and Holmes, 2007). When phylogenetic trees at either each
breakpoints were constructed, a significant discrepancy (Shi-
modaira–Hasegawa test, P=0.000) between phylogenetic trees
inferred for nucleotide sequences of each recombination region
constitutes a powerful evidence for recombination (Fig. 3).
These phylogenetic trees also determined that the lineages of
Anhinga/U.S.(Fl)/44083/93 and AQI-ND026 are the putative
parents.More direct evidence for the role of recombination in NDV
evolution was provided by sequence comparisons within the
species-defining clusters. The sequence identity is near 99%
between cockatoo/Indonesia/14698/90 and anhinga/U.S.(Fl)/
44083/93 (vs. 86.14% of AQI-ND026) in the first recombina-
tion region (from 628 to 1065). The fragment spanned from nt
698 to 1062 shares 100% sequence identity with cockatoo/
Indonesia/14698/90 in anhinga/U.S.(Fl)/44083/93 genome.
When the sequence of the first recombination region of
cockatoo/Indonesia/14698/90 was used as a query and blasted
in the GenBank, the anhinga/U.S.(Fl)/44083/93 was found to
share the highest sequence identity (data not shown). Therefore,
the NDV strain anhinga/U.S.(Fl)/44083/93 lineage was specu-
lated to be one of the putative parents. Similar analysis was also
carried out for AQI-ND026. Comparing the strain cockatoo/
Indonesia/14698/90 with its putative parent AQI-ND026, the
sequence identity is 98.25% (vs. 79.56% of another putative-
like strain anhinga/U.S.(Fl)/44083/93) in the second recombi-
nation region (from 1078 to 1965). The high sequence identity
also shows that AQI-ND026 lineage and anhinga/U.S.(Fl)/
44083/93 lineage might be one of the putative parents.
Discussion
We analyzed completed-length sequences from NDV strains
of all three major groups for the first time and identified a
mosaic virus descended from three putative parents at least,
which provides the evidence that homologous recombination
can occur naturally not only between circulating NDV viruses,
but also between circulation NDV and vaccine strain. The
observation of multiple recombination events in the same NDV
also shows that the frequency of recombination might not be
low at least in NDV. Moreover, NDV vaccine might play an
important role in the evolution of the virus.
Many commercial live vaccines are still widely used for
preventing chicken from Newcastle disease all over the world.
However, the evolution role of vaccine is unknown in NDV.
The natural homologous recombination between NDV vaccines
and circulating viruses is often neglected. AQI-ND026 was
recently isolated from chicken in China and is a low virulence
strain (person communication). In phylogenetic tree of NDV,
the strain AQI-ND026 was found to fall into the lineage of
vaccines B1 and La Sota (Fig. 1). The complete sequence
similarity of AQI-ND026 and La Sota/B1 is 97.5%/97.7%.
These results suggested that AQI-ND026 might be derived from
NDV vaccine. We also constructed a large tree consisted of 95
NDV F genes, and found AQI-ND026 still felled into the B1
and La Sota vaccine group (data not shown). And AQI-ND026
lineage was speculated as one of the parental-like viruses of
cockatoo/Indonesia/14698/90 according to our analysis. These
data show that the homologous recombination might happen
between vaccines released from vaccinees and the circulating
viruses. It seems that NDVavirulent vaccines can play a role in
shaping the evolution of the virus. It has been reported that a
mosaic bovine viral diarrhea virus between persisting pestivirus
and a vaccine strain was cytopathogenic virus and induced of
lethal disease (Becher et al., 2001). It has to be considered
Table 1
Accession number of NDV in this study
Accession number Strain Country Reference
NC_002617 B1 USA Unpublished
EF201805 Mukteswar China:
Lanzhou
Unpublished
DQ659677 NA-1 China Unpublished
DQ097394 PHY-LMV42 Hungary Czegledi
et al. (2006)
DQ097393 DE-R49/99 Hungary Czegledi
et al. (2006)
DQ485231 Guangxi11/2003 China Xie et al.
(2006)
DQ485229 chicken/China/
Guangxi7/2002
China Xie et al.
(2006)
AY935499 I-2 Australia Kattenbelt
et al. (2006)
AY935500 I-2 progenitor Australia Kattenbelt
et al. (2006)
AY935498 99-1435 Australia Kattenbelt
et al. (2006)
AY935497 99-1997PR-32 Australia Kattenbelt
et al. (2006)
AY935496 99-0868lo Australia Kattenbelt
et al. (2006)
AY935495 99-0868hi Australia Kattenbelt
et al. (2006)
AY935494 99-0655 Australia Kattenbelt
et al. (2006)
AY935493 98-1252 Australia Kattenbelt
et al. (2006)
AY935492 98-1249 Australia Kattenbelt
et al. (2006)
AY935491 98-1154 Australia Kattenbelt
et al. (2006)
AY935490 02-1334 Australia Kattenbelt
et al. (2006)
AY935489 01-1108 Australia Kattenbelt
et al. (2006)
DQ060053 AQI-ND026 China unpublished
AY741404 Herts/33 Netherlands de Leeuw
et al. (2005)
AY845400 LaSota China Unpublished
AY865652 Sterna/Astr/2755/2001 Russia Usachev et al.
(2006)
AY562991 Chicken/N. Ireland/
Ulster/67
United
Kingdom
Wise et al.
(2004)
AY562990 Mixed species/U.S./
Largo/71
USA Wise et al.
(2004)
AY562988 Chicken/U.S.(CA)/
1083(Fontana)/72
USA:
California
Wise et al.
(2004)
AY562987 Gamefowl/U.S.(CA)/
211472/02
USA:
California
Wise et al.
(2004)
AY562986 Anhinga/U.S.(Fl)/
44083/93
USA:
Florida
Wise et al.
(2004)
AY562985 Cockatoo/Indonesia/
14698/90
Indonesia Wise et al.
(2004)
AF431744 ZJ1 China:
Zhejiang
Unpublished
AF375823 Strain B1
isolate Takaaki
Takaaki Nakaya
et al. (2001)
AF309418 B1 USA Unpublished
AF077761 LaSota Netherlands de Leeuw and
Peeters (1999)
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via recombination with circulating viruses and leads to the
change of the virus virulence. Therefore, it is necessary to
evaluate the relation between the wide vaccine coverage and
NDV outbreak all over the world.
The high virulent strain cockatoo/Indonesia/14698/90 was
isolated from the host of cockatoo in 1990 (Wise et al., 2004).
Two minor parent strains AQI-ND026 and anhinga/U.S.(Fl)/
44083/93 (middle virulence ) were isolated from chicken and
anhinga respectively (Obenauer et al., 2006; Wise et al., 2004).
This is not surprising since the virus can infect kinds of birds.
The exchange of genetic material obviously requires the co-
replication of two strains in one organism. The most suitable
hosts for such co-infection events are via vectors, where the virus
can persist and undergo vertical transmission, which further
increases the probability of recombination. In fact, many bird
species are susceptible to NDV and the manifestations of ND
vary greatly in morbidity and mortality according to the
virulence of the infecting NDV strain, the virus tropism for the
body systems and the avian species infected (Alexander, 1997,
1998). Previous observations have suggested that isolates from
non-poultry species may not show their potential virulence for
domestic chickens in conventional pathogenicity tests, until
passaged several times in chickens (Alexander, 1997, 1998),
which provide a basis of NDV co-infection. The multiple
recombination events involving strains from very different
locations and different species host would therefore suggest that
NDV virus co-replication is not uncommon in nature. In
consequence, this suggests the existence of a global reservoir
of NDV virus with local subreservoirs supporting extensive
levels of virus circulation, which permits frequent co-infection.
Such a ‘global reservoir’ can be readily explained by the major
role of migrant birds in NDV epidemiology since NDV can
infect migrant birds, they may translocate infected the vectors to
distant areas. As a result, the incidence of recombination in NDV
means that one should always expect the emergence of virus
variants that differ genetically and serologically from common
isolates in the area. These new variants might be poorly
detectable by ‘reliable’ serological tests and might evade
protection by future vaccines.
Genetic typing according to partial sequencing of Newcastle
disease viruses (partial or complete F gene sequence) has been
widely used as a means of tracing the spread of NDV (Ballagi-
Pordany et al., 1996; Collins et al., 1996; Liu et al., 2006;
Obenauer et al., 2006; Sakaguchi et al., 1989; Seal et al., 1995;
Yu et al., 2001). It would help epidemiologists to trace the origin
and epidemics of the virus. Nevertheless, ignoring recombina-
tion might severely compromise phylogenetic analysis (Posada
and Crandall, 2001). Usually, genetic typing of NDV is carried
out according to F gene variation. However, we also found the
fact that the recombination happens in the F region (data not
shown). Therefore, the recombination must be considered when
the NDV genetic typing is carried out with the base of partial
sequence.
In conclusion, the results of this study provide strong
evidence that not only does recombination between circulat-
ing NDV occurs in natural populations, but that it might also
59G.-Z. Han et al. / Virology 371 (2008) 54–60occur between vaccine lineage and circulating virus. Our
observations also support the possibility that exchange of
different genomic regions by recombination is an important
strategy in NDV evolution. In the future, it is very important
to evaluate the evolution influence of the recombination from
vaccine on NDV, and even other animal negative strand RNA
viruses.
Methods
NDV complete genome sequences were collected from the
GenBank (Table 1). These NDV sequences were aligned using
CLUSTALW (Thompson et al., 1997). Phylogenetic tree was
generated using the neighbor-joining (NJ) method (Saitou and
Nei, 1987) with the maximum composition likelihood (MCL) in
MEGA4 (Tamura et al., 2007). This tree was tested by
bootstrapping with 1000 replicates. And all branches supported
by N80% bootstrap value are considered as the same group in
the trees. Shimodaira–Hasegawa test was implemented to prove
whether phylogenetic trees estimated from different regions are
significantly different using Treetest program (http://aix1.
uottawa.ca/~sarisbro/).
Putative recombinant sequence and its putative parents
were identified with the SimPlot program (Lole et al., 1999).
We used each sequence as a query to find potential mosaic.
This program is based on a sliding window method and
constitutes a way of graphically displaying the coherence of
the sequence relationship over the entire length of a set of
aligned homologous sequences. The window width and the
step size were set to 200 bp (or 500 bp) and 20 bp, respectively,
and Bootscanning (Salminen et al., 1995) was also carried out
employing subprogram from the SimPlot program (Lole et al.,
1999), using the putative recombinant sequence as a query.
Mosaicism was suggested when high levels of phylogenetic
relatedness between the query sequence and more than one
reference sequence in different genomic regions were
obtained. A cluster analysis maximizing the value of χ2 was
then used to select breakpoints among the clusters (Arauz-
Ruiz et al., 2002; Smith, 1992), combined with small sample
Akaike Information Criterion (AIC) (implementing GARD
online, http://www.datamonkey.org/GARD/) (Kosakovsky
Pond et al., 2006). P values for the resultant divisions of
sites were calculated by using Fisher's exact test (Lole et al.,
1999).
Acknowledgments
We would like to thank Dr. Wang ZL for the important
information of AQI-ND026 and two anonymous reviewers for
helpful comments.
References
Alexander, D.J., 1988. Newcastle disease diagnosis. In: Alexander, D.J. (Ed.),
Newcastle Disease. Kluwer Academic Publishers, Boston, Mass.
Alexander, D.J., 1997. Newcastle disease and other avian Paramyxoviridae
infections, In: Calnek, B.W., Barnes, H.J., McDougall, L.R., Saif, Y.M.,Beard, C.W. (Eds.), Diseases of Poultry, 10th ed. Iowa State University Press,
Ames, pp. 541–569.
Alexander, D.J., 1998. Newcastle disease virus and other avian paramyx-
oviruses, In: Swayne, D.E., Glisson, M.W., Jackwood, J.E., Pearson, W.M.
(Eds.), A Laboratory Manual for the Isolation and Identification of Avian
Pathogens, 4th ed. American Association of Avian Pathologis, Kennett
Square.
Arauz-Ruiz, P., Norder, H., Robertson, B.H., Magnius, L.O., 2002. Genotype H:
a new Amerindian genotype of hepatitis B virus revealed in Central
America. J. Gen. Virol. 83 (Pt 8), 2059–2073.
Archer, A.M., Rico-Hesse, R., 2002. High genetic divergence and recombina-
tion in Arenaviruses from the Americas. Virology 304 (2), 274–281.
Ballagi-Pordany, A., Wehmann, E., Herczeg, J., Belak, S., Lomniczi, B., 1996.
Identification and grouping of Newcastle disease virus strains by restriction
site analysis of a region from the F gene. Arch. Virol. 141 (2), 243–261.
Becher, P., Orlich, M., Thiel, H.J., 2001. RNA recombination between persisting
pestivirus and a vaccine strain: generation of cytopathogenic virus and
induction of lethal disease. J. Virol. 75 (14), 6256–6264.
Bennejean, G., Guittet, M., Picault, J.P., Bouguet, J.F., Devaux, B., Gaudry, D.,
Moreau, Y., 1978. Vaccination of one day-old chick against Newcastle
disease using inactivated oil adjuvant vaccine and/or live vaccine. Avian
Pathol. 7, 13–27.
Bukreyev, A., Skiadopoulos, M.H., Murphy, B.R., Collins, P.L., 2006.
Nonsegmented negative-strand viruses as vaccine vectors. J. Virol. 80 (21),
10293–10306.
Chare, E.R., Gould, E.A., Holmes, E.C., 2003. Phylogenetic analysis reveals a
low rate of homologous recombination in negative-sense RNA viruses.
J. Gen. Virol. 84 (Pt 10), 2691–2703.
Charrel, R.N., de Lamballerie, X., Fulhorst, C.F., 2001. The Whitewater Arroyo
virus: natural evidence for genetic recombination among Tacaribe serocomplex
viruses (family Arenaviridae). Virology 283 (2), 161–166.
Collins, M.S., Strong, I., Alexander, D.J., 1996. Pathogenicity and phylogenetic
evaluation of the variant Newcastle disease viruses termed “pigeon PMV-1
viruses” based on the nucleotide sequence of the fusion protein gene. Arch.
Virol. 141 (3–4), 635–647.
Czegledi, A., Ujvari, D., Somogyi, E., Wehmann, E., Werner, O., Lomniczi, B.,
2006. Third genome size category of avian paramyxovirus serotype 1
(Newcastle disease virus) and evolutionary implications. Virus Res. 120 (1–2),
36–48.
de Leeuw, O., Peeters, B., 1999. Complete nucleotide sequence of Newcastle
disease virus: evidence for the existence of a new genus within the subfamily
Paramyxovirinae. J. Gen. Virol. 80 (Pt 1), 131–136.
de Leeuw, O.S., Koch, G., Hartog, L., Ravenshorst, N., Peeters, B.P., 2005.
Virulence of Newcastle disease virus is determined by the cleavage site
of the fusion protein and by both the stem region and globular head of
the haemagglutinin-neuraminidase protein. J. Gen. Virol. 86 (Pt 6),
1759–1769.
Ge, J., Deng, G., Wen, Z., Tian, G., Wang, Y., Shi, J., Wang, X., Li, Y., Hu, S.,
Jiang, Y., Yang, C., Yu, K., Bu, Z., Chen, H., 2007. Newcastle disease virus-
based live attenuated vaccine completely protects chickens and mice from
lethal challenge of homologous and heterologous H5N1 avian influenza
viruses. J. Virol. 81 (1), 150–158.
Gould, A.R., Kattenbelt, J.A., Selleck, P., Hansson, E., Della-Porta, A.,
Westbury, H.A., 2001. Virulent Newcastle disease in Australia: molecular
epidemiological analysis of viruses isolated prior to and during the outbreaks
of 1998–2000. Virus Res. 77 (1), 51–60.
Kattenbelt, J.A., Meers, J., Gould, A.R., 2006. Genome sequence of the
thermostable Newcastle disease virus (strain I-2) reveals a possible
phenotypic locus. Vet. Microbiol. 114 (1–2), 134–141.
Kirkegaard, K., Baltimore, D., 1986. The mechanism of RNA recombination in
poliovirus. Cell 47 (3), 433–443.
Klempa, B., Schmidt, H.A., Ulrich, R., Kaluz, S., Labuda, M., Meisel, H.,
Hjelle, B., Kruger, D.H., 2003. Genetic interaction between distinct Dobrava
hantavirus subtypes in Apodemus agrarius and A. flavicollis in nature.
J. Virol. 77 (1), 804–809.
Kosakovsky Pond, S.L., Posada, D., Gravenor, M.B., Woelk, C.H., Frost, S.D.,
2006. Automated phylogenetic detection of recombination using a genetic
algorithm. Mol. Biol. Evol. 23 (10), 1891–1901.
60 G.-Z. Han et al. / Virology 371 (2008) 54–60Krishnamurthy, S., Samal, S.K., 1998. Nucleotide sequences of the trailer,
nucleocapsid protein gene and intergenic regions of Newcastle disease virus
strain Beaudette C and completion of the entire genome sequence. J. Gen.
Virol. 79 (Pt 10), 2419–2424.
Lai, M.M., 1992. RNA recombination in animal and plant viruses. Microbiol.
Rev. 56 (1), 61–79.
Lancaster, J.E., 1981. The control of Newcastle disease.World's Poult. Sci. J. 37,
84–96.
Liu, H., Wang, Z., Son, C., Wang, Y., Yu, B., Zheng, D., Sun, C., Wu, Y., 2006.
Characterization of pigeon-origin Newcastle disease virus isolated in China.
Avian. Dis. 50 (4), 636–640.
Lole, K.S., Bollinger, R.C., Paranjape, R.S., Gadkari, D., Kulkarni, S.S., Novak,
N.G., Ingersoll, R., Sheppard, H.W., Ray, S.C., 1999. Full-length human
immunodeficiency virus type 1 genomes from subtype C-infected
seroconverters in India, with evidence of intersubtype recombination.
J. Virol. 73 (1), 152–160.
McFerran, J.B., Nelson, R., 1971. Some properties of an avirulent Newcastle
disease virus. Arch. Gesamte Virusforsch. 34 (1), 64–74.
McFerran, J.B., Dane, D.S., Briggs, E.M., Connor, T., Nelson, R., 1968. Further
investigations on enterovirus-neutralising substances in human and animal
sera. J. Pathol. Bacteriol. 95 (1), 93–99.
Murphy, F.A., Fauquet, C.M., Bishop, D.H.L., Ghabrial, S.A., Jarvis, A.W.,
Martelli, G.P., Mayo, M.A., Summers, M.D., 1995. Virus Taxonomy:
Classification and Nomenclature of Viruses. Academic Press.
Nagy, P.D., Simon, A.E., 1997. New insights into the mechanisms of RNA
recombination. Virology 235 (1), 1–9.
Nakaya, T., Cros, J., Park, M.S., Nakaya, Y., Zheng, H., Sagrera, A., Villar, E.,
Garcia-Sastre, A., Palese, P., 2001. Recombinant Newcastle disease virus as
a vaccine vector. J. Virol. 75 (23), 11868–11873.
Nelson, M.I., Holmes, E.C., 2007. The evolution of epidemic influenza. Nat.
Rev. Genet. 8 (3), 196–205.
Obenauer, J.C., Denson, J., Mehta, P.K., Su, X., Mukatira, S., Finkelstein, D.B.,
Xu, X., Wang, J., Ma, J., Fan, Y., Rakestraw, K.M., Webster, R.G.,
Hoffmann, E., Krauss, S., Zheng, J., Zhang, Z., Naeve, C.W., 2006. Large-
scale sequence analysis of avian influenza isolates. Science 311 (5767),
1576–1580.
Park, M.S., Steel, J., Garcia-Sastre, A., Swayne, D., Palese, P., 2006. Engineered
viral vaccine constructs with dual specificity: avian influenza and Newcastle
disease. Proc. Natl. Acad. Sci. U. S. A. 103 (21), 8203–8208.
Posada, D., Crandall, K.A., 2001. Intraspecific gene genealogies: trees grafting
into networks. Trends Ecol. Evol. 16 (1), 37–45.
Saitou, N., Nei, M., 1987. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4 (4), 406–425.
Sakaguchi, T., Toyoda, T., Gotoh, B., Inocencio, N.M., Kuma, K., Miyata, T.,
Nagai, Y., 1989. Newcastle disease virus evolution: I. Multiple lineagesdefined by sequence variability of the hemagglutinin-neuraminidase gene.
Virology 169 (2), 260–272.
Salminen, M.O., Carr, J.K., Burke, D.S., McCutchan, F.E., 1995. Identification
of breakpoints in intergenotypic recombinants of HIV type 1 by boot-
scanning. AIDS Res. Hum. Retrovir. 11 (11), 1423–1425.
Seal, B.S., King, D.J., Bennett, J.D., 1995. Characterization of Newcastle
disease virus isolates by reverse transcription PCR coupled to direct
nucleotide sequencing and development of sequence database for pathotype
prediction and molecular epidemiological analysis. J. Clin. Microbiol. 33
(10), 2624–2630.
Sibold, C., Meisel, H., Kruger, D.H., Labuda, M., Lysy, J., Kozuch, O., Pejcoch,
M., Vaheri, A., Plyusnin, A., 1999. Recombination in Tula hantavirus
evolution: analysis of genetic lineages fromSlovakia. J. Virol. 73 (1), 667–675.
Sironen, T., Vaheri, A., Plyusnin, A., 2001. Molecular evolution of Puumala
hantavirus. J. Virol. 75 (23), 11803–11810.
Smith, J.M., 1992. Analyzing the mosaic structure of genes. J. Mol. Evol. 34 (2),
126–129.
Tamura, K., Dudley, J., Nei, M., Kumar, S., 2007. MEGA4: molecular
evolutionary genetics analysis (MEGA) software version 4.0. Mol. Biol.
Evol. 24 (8), 1596–1599.
Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G.,
1997. The CLUSTAL_X windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25
(24), 4876–4882.
Usachev, E.V., Fediakina, I.T., Shchelkanov, M., L'Vov, D.N., Prilipov, A.G.,
Iamnikova, S.S., 2006. Molecular genetic characteristics of the Newcastle
Sterna/Astrakhan/Z275/2001 virus isolated in Russia. Mol. Genet. Mikro-
biol. Virusol. (1), 14–20.
Veits, J., Wiesner, D., Fuchs, W., Hoffmann, B., Granzow, H., Starick, E.,
Mundt, E., Schirrmeier, H., Mebatsion, T., Mettenleiter, T.C., Romer-
Oberdorfer, A., 2006. Newcastle disease virus expressing H5 hemagglutinin
gene protects chickens against Newcastle disease and avian influenza. Proc.
Natl. Acad. Sci. U. S. A. 103 (21), 8197–8202.
Waterson, A.P., Pennington, T.H., Allan, W.H., 1967. Virulence in Newcastle
disease virus. A preliminary study. Br. Med. Bull. 23 (2), 138–143.
Wise, M.G., Sellers, H.S., Alvarez, R., Seal, B.S., 2004. RNA-dependent RNA
polymerase gene analysis of worldwide Newcastle disease virus isolates
representing different virulence types and their phylogenetic relationship
with other members of the paramyxoviridae. Virus Res. 104 (1), 71–80.
Xie, Z., Tang, X., Dong, J., Liu, J., Pang, Y., Deng, X., Xie, Z., 2006.
Sequencing and analysis of the genomes of three Newcastle disease viruses
isolated from Guangxi. Virol. Sin. 21 (3), 261–266.
Yu, L., Wang, Z., Jiang, Y., Chang, L., Kwang, J., 2001. Characterization of
newly emerging Newcastle disease virus isolates from the People's Republic
of China and Taiwan. J. Clin. Microbiol. 39 (10), 3512–3519.
